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ABSTRACT 
Objective: A comparison was made of polymerase chain reac- 
tion (PCR), Southern blot, and routine susceptibility testing for 
determination of methicillin resistance in clinical isolates of 
staphylococci. 
Methods: A PCR-based test and Southern hybridization were 
used to detect the mecA gene in staphylococci. A broth dou- 
ble-dilution method was used to determine the minimum 
inhibitory concentration (MIC) for oxacillin. Sodium dodecyl sul- 
fate-polyacrylamide gel electrophoresis (SDS-PAGE) and then 
fluorography were used to test the affinities of penicillin-binding 
proteins of Staphylococcus aureus ATCC 25923 for oxacillin. 
Results: The presence or absence of a methicillin-resistant gene 
(mecA) in 228 clinical isolates of staphylococci was examined 
by PCR and Southern blot analyses. The results were com- 
pared in relation to those of the MIC assay to oxacillin. A total 
of 57 of 58 oxacillin-resistant S. aureus strains were mecA- 
positive, whereas 3 of 126 oxacillin-susceptible strains were 
mecA-positive. For 21 oxacillin-resistant coagulase-negative 
staphylococci, 100% of the strains were mecA-positive, but 9 
of 23 oxacillin-susceptible coagulase-negative staphylococci 
were mecA-positive. The PCR test identified methicillin-resis- 
tant staphylococci in less than 3 hours, using as few as 300 
cells or 3 pg crude extract DNA as the PCR template. The 
results of the PCR test correlated well with those of DNA 
hybridization. Dot blot hybridization could detect as little as 
4 ng DNA. Five penicillin-binding proteins were identified in S. 
aureus 
Conc/usions: Identification of methicillin-resistant staphylococci 
by PCR (confirmed by DNA hybridization) offers a specific, sen- 
sitive, and rapid alternative to traditional susceptibility testing 
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and serves as a guide for the rational treatment of infections 
caused by staphylococci. 
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Methicillin-resistant staphylococci are major causes of 
nosocomial infections throughout the world.These infec- 
tions are serious and difficult to treat.’ Appropriate ther- 
apy of methicillin-resistant staphylococcal infections 
requires rapid and reliable identification of this pathogen. 
Methicillin-resistant staphylococci carry the mecA gene, 
which encodes a specific low-affinity penicillin-binding 
protein 2a (PBP&.This protein is responsible for the 
methicillin resistance in staphylococci.2 Although other 
mechanisms (i.e., overproduction of p-lactamases) have 
been implicated in methicillin resistance in staphylococci, 
PBpZ, is by far the most common.3z4 Detection of methi- 
cillin resistance in the clinical laboratory setting is 
affected by culture conditions (i.e., temperature, pH, and 
salt concentration). Thus, minimum inhibitory concen- 
tration (MIC) determination is uncertain in some strains, 
and may cause ambiguities in susceptibility tests.5 There- 
fore, establishment of an accurate and reliable method 
that does not depend on culture conditions to identify 
methicillin-resistant staphylococci is needed not only for 
the diagnostic laboratory but also for basic research on 
methicillin-resistant staphylococci. The results obtained 
can guide appropriate therapy and expensive, toxic ther- 
apy can be avoided. 
The mecA gene is unique to methicillin-resistant 
staphylococci.The DNA sequences of the mecA gene 
found in Staphylococcus epidermidis and Staphylococcus 
aweus are more than 99% identical.” Detection of mecA 
is not subject to growth conditions and may be applica- 
ble to a rather broad range of species of staphylococci. In 
vitro amplification of DNA by polymerase chain reaction 
(PCR) is rapid and sensitive for the detection of specific 
DNA sequences.Therefore, the mecA gene represents a 
useful molecular marker for rapid identification of methi- 
cillin-resistant staphylococci by PCR and DNA hybridiza- 
tion.To use PCR for rapid detection of methicillin-resistant 
15 
16 International Journal of Infectious Diseases / Volume 2, Number 1, July 1997 
staphylococci, it was necessary to devise a faster method 
to release staphylococcal DNA. 
In the present study, the authors report a rapid lysis 
technique for the release of staphylococcal DNA coupled 
with the use of PCR by amplifying a 533-bp region of 
mecA gene and Southern hybridization to detect mecA in 
strains of S. aureus, S. epidermidis, and other coagulase- 
negative staphylococci.The affinities of PBPs in S. aureus 
ATCC25923 for oxacillin also were examined. 
MATERIAL AND METHODS 
Bacterial Strains 
Two hundred twenty-eight staphylococcal strains (184 
strains of S. aureus and 44 strains of coagulase-negative 
staphylococci) were studied.The strains were clinical iso- 
lates from The First Affiliated Hospital, Chongqing, that 
were recovered between 1994 and 1996. Staphylococcal 
species were identified as described by Kloos and 
Schleifer.’ Staphylococcus aureus SR3636 from Japan was 
used as a mecA-positive control organism and S. aweus 
ATCC25923 was used as a mecA-negative control strain. 
Susceptibility Testing 
Minimum inhibitory concentrations were determined by 
broth dilution in Mueller-Hinton broth containing 4% 
sodium chloride (NaCl) as recommended by Jorgensen et 
al,s with some modifications. Bacteria were inoculated at 
a final bacterial density of about 5 X 1Oi colony-forming 
units (CFU)/mL and incubated at 30°C for 48 hours for 
the determination of MICs. Susceptibility and resistance 
breakpoints for oxacillin were 2 or less and 4 or more 
pg/mL, respectively; B-lactamase production was deter- 
mined using nitrocefin disks. 
Oligonucleotides 
Primers for PCR and a probe for DNA hybridization were 
synthesized with a DNA synthesizer. One of the primers 
(5’AAAATCGATGGTAAAGGTTGGC) corresponded to 
nucleotides 1282 to 1303, and the other (5’AGTTCT- 
GCAGTACCGGATTTGC) was complementary to nucleo- 
tides 1793 to 1814.The probe for Southern hybridization 
(5’ATCTGTACTGGGTTAATC) was complementary to 
nucleotides 1581 to 1598 of the PBS, coding frame.9~‘o 
Template DNA Extraction for 
Polymerase Chain Reaction 
One bacterial colony was suspended in 1 mL Tris-NaCl- 
EDTA (10 mMTris-HCl, pH 7.5,O. 1 M NaCI, 1 mM EDTA) 
at a density of about 3 X lo8 CFU/mL, and this was cen- 
trifuged at 15,000 X g for 5 minutes. The supernatant 
was carefully aspirated and cell pellets were subjected 
to crude DNA extraction as follows: cells were pelleted 
in a microcentrifuge tube, and 50 FL of 0.5M potassium 
hydroxide were added; after mixing, the cell suspension 
was heated in boiling water for 5 minutes, followed by 
neutralization by adding 50 mL of 1 MTris-HCl (pH 6.76). 
The lysed cells were centrifuged at 15,000 X g for 5 min- 
utes, and 10 mL of the supernatant was used as the tem- 
plate for PCR.To determine the sensitivity for detection 
of the mecA gene, DNA was extracted from tenfold ser- 
ial dilutions of a suspension of a single colony of S. aweus 
SR 3636. 
Polymerase Chain Reaction 
Polymerase chain reaction amplification of the mecA gene 
was performed in 50 mL reaction mixture (10 mM Tris- 
HCI, pH 8.3, 50 mM potassium chloride, 1.5 mM magne- 
sium chloride [MgCl,], 0.00196 [w/v] gelatin, 0.25 FM 
each of two primers, 200 PM each of dNTP and template 
DNA).Temperature cycling for all PCR experiments was 
accomplished using a DNA thermal cycler (Perkin-Elmer 
Cetus Instruments, Norwalk, CT, USA). DNA amplification 
was carried out for 30 cycles as follows: denaturation at 
94°C for 30 seconds, annealing at 55°C for 30 seconds, 
and extension at 72°C for 1 minute with a fmal extension 
at 72°C for 5 minutes.A 10 ~.LL portion of the PCR prod- 
ucts was analyzed by electrophoresis in a 2% agarose gel 
containing 0.5 mg/mL of ethidium bromide.The band of 
amplified DNA was visualized under ultraviolet light. 
Southern Blot Analysis of DNA 
Polymerase chain reaction products separated on a 2% 
agarose gel were transferred to nitrocellulose filters.‘l 
After being baked at 80°C for 2 hours, the filter was trans- 
ferred to a plastic hybridization bag, and prehybridized 
at 42°C for 4 hours in 5 mL of hybridization solution con- 
sisting of 3 X SSPE (0.45 M NaCl, 0.03 M sodium phos- 
phate, and 0.003 M EDTA, pH 7.7), 5 X Denhardt’s 
solution (0.196 bovine serum albumin, 0.196 Ficoll, 0.196 
polyvinylpyrrolidone), 0.2 mM Tris-HCl, pH 8.0, 0.596 
sodium dodecyl sulfate (SDS), 100 mg/mL salmon sperm 
DNA and 5096 formamide, and hybridized at 42°C for 18 
hours in 5 mL of hybridization solution with the labelled 
probe, which was labelled with either a radioactive (r- 
32P-ATP) or nonradioactive (Bio-1 l-dUTP) detector. 
Hybridization of the probe containing either label was 
carried out under conditions of high stringency, as pre- 
viously reported.” The hybridized falter was washed once 
in 200 mL of 2 X SSPE and 0.196 SDS for 20 minutes at 
room temperature, then twice in 0.1 X SSPE with 0.196% 
SDS for 20 minuets at 42°C. Hybridization of radiolabelled 
probe with target DNA was detected by autoradiography 
The presence of the nonradioactive probe was detected 
by the immunologic detection procedure with antibody 
to biotin complexed with alkaline phosphatase.The sub- 
strate for alkaline phosphatase was 5-bromo-4-chloro- 
3-indolyl phosphate (BCIP). Nitroblue tetrazolium (NBT) 
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was also added to give a purple color on the !tilter.Any 
color developed between 30 minutes and 4 hours was 
considered a positive result. 
Dot Blot Hybridization 
Cellular DNA was extracted from staphylococcal strains 
by using an alkali-boiling method.A 5+L portion of each 
DNA solution containing about 20 ng of DNA was blot- 
ted onto a nitrocellulose membrane, and was cross-linked 
by ultraviolet irradiation. Hybridization was performed 
by using a biotin-labelled oligonucleotide probe. Visual- 
ization of the signals was achieved with an alkaline phos- 
phatase conjugated anti-biotin antibody and chemolumi- 
nescant substrates (5-bromo-4-chloro-3-indolyl phosphate 
and nitroblue tetrazolium) according to the procedure 
recommended by the manufacturer. Positive results were 
ascertained by the appearance of purple color dots on the 
membrane. 
Penicillin-Binding Proteins Affinity Studies 
Penicillin-binding proteins binding affinities were deter- 
mined in a competition assay using membrane prepara- 
tions. S. aureus ATCC25923 were grown in Mueller- 
Hinton broth at 37°C with shaking (280 rpm) for I6 
hours and subsequently (10% inoculum) for 4 hours. Cells 
were harvested by centrifugation and sonicated for 9 min- 
utes, and the membranes were solubilized (2g6 Triton X- 
100), as described in the literature,” with some modifica- 
tions. Solubilized membrane proteins were determined 
by the method of Lowry et a1.13 A 200~kg sample of pro- 
tein was incubated with a freshly prepared aqueous solu- 
tion of oxacillin at 37°C for 10 minutes; final concentrations 
were 0,0.06, 0.125, 0.25, 1, 2, 4, 8, 32, and 128 mg/mL. 
Ten nanomoles of [‘*Cl penicillin G (Amersham Corp., 
Arlington Heights, IL, USA) (specific activity, 54 @/pmol) 
was added, and the incubation was continued for another 
10 minutes.The reaction was stopped by adding 12.5 PL 
of 5 X stop buffer (3.8% Tris, 10% SDS, 0.005% bromo- 
phenol blue, 50% glycerol [v/v], 25% beta-mercapto- 
ethanol [v/v], pH 7.0) and then immediately boiled for 5 
min. Proteins were separated by 10% SDS-PAGE, followed 
by fluorography. Protein-bound [14C] penicillin G was 
determined by visual examination of the x-ray film. 
RESULTS 
Detection of the mecA Gene 
by Polymerase Chain Reaction 
The PCR technique was applied to 228 clinical isolates 
of staphylococci.The DNA fragment of 533-bp in size 
was amplified from DNA of methicillin-resistant staphylo- 
cocci and was absent from the susceptible strain (Figure 
1). No background DNA bands were observed on the gel. 
Under the reaction conditions employed, bacterial 
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Figure 1. Agarose gel electrophoresis of amplified 533.bp DNA frag- 
ment. PCR was performed with a crude extract of methicillin-resistant 
(R) or susceptible (S) staphylococci as template. Lanes: a, size marker 
(in base pair); b-f, methicillin-resistant S. aureus; g, methicillin-sus- 
ceptible S. aureus; h, S. aureus ATCC25923. 
suspensions with concentration of as low as 300 cells or 
3 pg crude extract DNA, which was used for the tem- 
plate of PCR, gave a positive result for methicillin-resis- 
tant staphylococci (Figure 2). 
abcdefgb 
nYw-+ 
Figure 2. A series of tenfold dilutions of the templates (crude extract) 
were done and then PCR was performed to amplify the 533.bp frag- 
ment. Lanes: a, 3 mg; b, 300 ng; c, 30 ng; d, 3 ng; e, 300 pg; f, 30 
w; gs 3 pg; h, 300 fg. 
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Correlation between the Presence 
of the mecA Gene and Resistance 
Testing for the mecA gene and determination of MlCs of 
oxacillin were performed for 228 staphylococci.As shown 
in Table 1, 57 of 58 oxacillin-resistant S. aureus were 
mecA-positive as determined by PCR, and one isolate was 
mecA-negative by PCR but oxacillin-resistant by suscep- 
tibility test, although the strain was in the borderline MIC 
value (oxacillin MIC, 4 yg/mL). Only 3 of 126 oxacillin- 
susceptible S. aureus were mecA-positive (oxacillin MIC, 
2 pg/mL for two strains, 1 pg/mL for one strain).Thus, 
PCR had a sensitivity of 98.3% and a specificity of 97.6% 
for methicillian-resistant S. uureus. Polymerase chain reac- 
tion also was performed in 44 clinical isolates of coagu- 
lase-negative staphylococci, including 26 strains of S. 
epidermidis, 9 strains of S. saprophyticus, 4 strains of 
S. haemolyticus, 4 strains of S. hominis, and 1 strain of S. 
capitis. All 21 coagulase-negative staphylococci isolates 
with MICs of oxacillin of 4 kg/mL or higher were mecA- 
positive. Of the 23 coagulase-negative staphylococci 
isolates with MICs of oxacillin of 2 Fg/rnL or lower, 14 
strains were mecA-negative, but 9 strains were mecA-pos- 
itive.The MICs of the 9 mecA-positive coagulase-negative 
staphylococci isolates were 0.5 to 2 pg/mL. The PCR 
results were consistent with those from susceptibility 
tests in approximately 60.9% of these coagulase-negative 
staphylococci isolates. 
Comparison of Polymerase Chain 
Reaction with Southern Blot Analysis 
The authors compared mecA hybridization with PCR in 
60 S aureus (40 were methicillin resistant, 20 methicillin 
susceptible) and 44 coagulase-negative staphylococci strains 
(Figure S).Among 60 strains of S. am-ecus, complete corre- 
lation of the PCR results was shown with those by DNA 
hybridization.The sensitivity and specificity of the PCR for 
S aureus isolates compared with the DNA hybridization 
were both 100%. In testing of 44 strains of coagulase-neg- 
ative staphylococci, DNA hybridization and PCR gave the 
same results. Both methods also detected the mecA gene 
Table 1. Correlation of mecA Gene Polymerase Chain Reaction 
Result and Oxacillin Resistance of Staphylococci 
MlCs of Number 
Oxacillin of Strains me& me& 
Organism (pg/mL) Tested by PCR Positive Negative 
Methicillin-resistant 24 58 57 1 
S. aureus 
Methicillin-susceptible 22 126 3 123 
S. aureus 
Coagulase-negative 24 21 21 0 
staphylococci 
52 23 9 14 
Figure 3. Southern blot analysis of PCR product of mecA-positive 
strains of staphylococci. Probe was labelled with Bio-I 1 -dUTP. Lanes: 
a, size marker; b-f, methicillin-resistant S. aureus; g, methicillin-sus- 
ceptible S. aureus; h, S. aureus ATCC25923. 
in nine coagulase-negative staphylococci strains with MICs 
of oxacillin of 0.5 to 2 kg/mL; DNA hybridization results 
were in full agreement with those of PCR. Dot blot 
hybridization could detect as few as 4 ng DNA. 
To confirm the presence of the mecA gene in the 12 
strains of oxacillin-susceptible staphylococci (3 strains of 
S. aureus, 9 strains of coagulase-negative staphylococci) 
described above, three colonies of each strain were tested 
by PCR analysis; all yielded positive results, using S. aureus 
ATCC25923 as negative control strain. Furthermore, DNA 
hybridization (Southern blot and dot blot) with a probe, 
labelled with either [3zP] or [Bio-1 l-dUTP], also yielded 
positive reactions; PCR and DNA hybridization gave the 
same results. These results excluded the possibility of 
contamination of resistant bacterial cells or nonspeci- 
ficity of primers used in PCR analysis. All mecA-positive 
strains produced p-lactamases. 
Penicillin-Binding Protein Affinity Studies 
Strains of S. aureus have five PBPs with molecular sizes 
of 87 (PBP,), 80 (PBS), 75 (PBS), 70 (PBP,), and 41 (PBP,) 
kDa; PBP, and PB? had strong affinities for oxacillin, and 
higher affinities were found for PBP, than those of PBP,; 
PBP, had only weak affinities for high concentration of 
oxacillin; PBp3 and PBP, had no affinity for oxacillin.Thus, 
PBP, and PBP, appear to be important targets in relation 
to the killing sites of S. aureus by oxacillin. 
DISCUSSION 
Outbreaks of nosocomial infections caused by methicillin- 
resistant S. aureus have been reported wor1dwide.l The 
multidrug resistance of methicillin-resistant S aureus has 
become a serious clinical problem, and the rapid and 
accurate identification of methicillin-resistant staphylo- 
cocci is important for antimicrobial therapy against this 
pathogen. In clinical laboratories, the determination of 
intrinsic methicillin resistance in staphylococcal isolates 
is usually performed by methods that assay for the phe- 
notypic expression of PBq,. The level of expression of 
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this protein, however, can be variable and lead to erro- 
neous assay results. It is difficult to determine the levels 
of methicillin resistance of borderline-resistant strains, for 
example, strains producing large amounts of B-lactamases. 
Assays that target the mecA gene are useful for the rapid 
determination of methicillin resistance because the results 
are not dependent on expression of the protein. Oxacillin 
was used to test susceptibility in this study because of its 
good correlation with methicillin susceptibility and 
because oxacillin is more stable and easier to store.14 
In this study, a simple and reliable method, using PCR, 
was devised to identify methicillin-resistant staphylococci. 
A rapid cell lysis procedure was developed for the release 
of DNA from staphylococci. By using crude extract of the 
strain to be tested as template and 22-mer oligonu- 
cleotides as primers, a 533-bp region of mecA gene, the 
structural gene of low affinity PI%%,, was amplified by 
PCR and detected by agarose gel electrophoresis.The 
method was easy and rapid to perform.The PCR was car- 
ried out with crude cell lysates from 300 cells or 3-pg 
crude extract DNA as a source of target DNA and pro- 
vided results in less than 3 hours. One colony 1 mm in 
diameter (about 3 X lo8 CFU/mL) was enough to prepare 
the template DNA for PCR. 
The mecA gene was probed by PCR and DNA 
hybridization in 228 clinical isolates of staphylococci and 
the results were compared with susceptibility data.The 
results of DNA hybridization showed a high level of agree- 
ment with PCR and correlated significantly with sus- 
ceptibility results. Fifty-seven of 58 oxacillin-resistant 
isolates of S. aureus carried mecA. Only one resistant iso- 
late (oxacillin MIC, 4 kg/mL) lacked the mecA gene. For 
coagulase-negative staphylococci, there were no mecA- 
negative oxacillin-resistant isolates. One strain of S. aureus 
that did not have the mecA gene had a low level of resis- 
tance to oxacillin, suggesting a resistance mechanism 
other than the production of PBP&.Three isolates of S. 
aureus and nine isolates of coagulase-negative staphylo- 
cocci carrying the mecA gene were borderline suscepti- 
ble to oxacillin. Some cryptically methicillin-resistant 
staphylococcal strains (mecA-positive but oxacillin-sus- 
ceptible strains) could not be identified as resistant by 
conventional susceptibility tests. McDonald et al observed 
that among strains of S. epidewnidis, all those for which 
oxacillin MICs were 0.25 pg/mL or lower were mecA- 
negative; among strains for which oxacillin MICs were 
0.5 pg/mL, some were mecA-negative while others were 
mecA-positive.‘j Those strains for which oxacillin MICs 
were 1 pg/rnL or higher were uniformly mecA-positive. 
Polymerase chain reaction and DNA hybridization 
detection of the mecA gene in staphylococci is unaffected 
by the level of its expression.These methods are rapid, 
sensitive, and specific and may be more reliable than sus- 
ceptibility testing for the identification of methicillin- 
resistant staphylococci. 9~16 Vannuffel et al used a multiplex 
PCR: 310-bp and 686-bp regions of the mecA gene and 
femA genes, respectively, were coamplified to identify 
susceptible (lacking mecA) and resistant (carrying mecA) 
staphylococci and to differentiate S. aureus @mA+) from 
coagulase-negative staphylococci (fernA--).” 
The cryptically methicillin-resistant strains most prob- 
ably were derived from typically resistant strains; that is, 
they were first selected as methicillin-resistant strains by 
B-lactam antibiotics but later stopped the production of 
PBP,,, with loss of their resistance.The unstable nature of 
methicillin resistance has been reported,” and a recent 
report described a mecA-positive but phenotypically sus- 
ceptible subclone that arose from methicillin-resistant 
strains after penicillinase plasmid elimination.19 Another 
possible explanation is that these strains continued to be 
methicillin susceptible even after acquisition of the mecA 
gene but were later selected by resistance to antibiotics 
other than B-IactamsAlthough some of these isolates may 
be phenotypically borderline resistant or even suscepti- 
ble when tested in vitro, all have the potential to become 
highly resistant20 and infections with these organisms 
may well become refractory to p-lactam antibiotic ther- 
apy, and typically methicillin-resistant variants might 
appear during therapy with B-lactam antibiotics. There- 
fore, these isolates should be subjected to mecA assays. 
Polymerase chain reaction may be useful in the future in 
the detection of mecA-bearing staphylococci in blood 
and samples obtained from otherwise sterile body fluids. 
Thus unnecessary use of empirical antibiotics may be 
avoided or significantly reduced and slow the potential 
development of vancomycin resistance, if PCR detection 
of methicillin-resistant staphylococci could be applied in 
the clinical setting. 
Penicillin-binding proteins are vitally important tar- 
gets in relation to the killing of bacteria by B-lactams. 
The affinities of PBPs of S. aureus ATCC25923 for 
oxacillin were studied by SDS-PAGE and fluorography. 
Five different PBPs were identified in S. aureus. Oxacillin, 
a semisynthetic, B-lactamase-resistant penicillin binds to 
two target proteins of S. aureus; it showed higher affmi- 
ties for PBP, than PBP,: PBP, may be the primary pepti- 
doglycan transpeptidase; PBP, may be a transpeptidase 
functioning in nongrowing cellsZ1,** Further studies are 
needed to identify the physiologic functions and enzy- 
matic activities of PBP, and PBP,. 
In summary, the PCR assay appears to be more reli- 
able than routine susceptibility testing and as accurate 
as DNA probe hybridization for detection of mecA.The 
PCR assay is a simpler, more rapid test for the detection 
of the mecA gene than DNA hybridization. 
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